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Surface Wave Techniques for Predicting the Remaining Life of Fatigue
Damaged Metals
Abstract
In our continuing efforts to investigate methods to characterize the state of fatigue nondestructively and to
apply these observations to lifetime predictions, we have initiated acoustic surface wave studies using Al
2024-T351. A smooth bar specimen was designed which can be tested in tension-compression fatigue.
Acoustic wedge transducers were mounted on the specimen to sample fatigue induced changes within the
gauge section. Data on acoustic harmonic generation were taken as a function of applied external load at any
point of the sample's fatigue life. An optical microscope was attached to the load frame to monitor microcrack
formation in the gauge section. Significant changes of the second harmonic have been observed as a function
of stress and fatigue. First results indicate a decrease of the second harmonic as a function of stress. At about
50% of the fatigue life microcracks initiated at surface intermetallics and a substantial increase of the second
harmonic amplitude in the vicinity of zero external applied load was observed.
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SURFACE WAVE TECHNIQUES FOR PREDICTING THE REMAINING LIFE OF 
FATIGUE DAMAGED METALS 
0. Buck, W. L. Morris, and R. V. Inman 
Science Center, Rockwell International 
Thousand Oaks, California g1360 
ABSTRACT 
In our continuing efforts to investigate methods to characterize the state of fatigue nondestruc-
tively and to apply these observations to lifetime predictions, we have initiated acoustic surface wave 
studies using Al 2024-T351. A smooth bar specimen was designed which can be tested in tension-compression 
fatigue. Acoustic wedge transducers were mounted on the specimen to sample fatigue induced changes within 
the gauge section. Data on acoustic harmoni c generation were taken as a function of applied external load 
at any point of the sample's fatigue life. An optical microscope was attached to the load frame to monitor 
microcrack formation in the gauge section. Significant changes of the second harmonic have been observed 
as a function of stress and fatigue. First results indicate a decrease of the second harmonic as a func-
tion of stress. At about SOt of the fatigue life microcracks initiated at surface intermetallics and a 
substa.ntial increase of the second harmonic amplitude in the vicinity of zero external applied load was 
observed. 
The objective of the present work is to investi-
gate the potential of surface acoustic waves and, 
in particular, acoustic harmonic generation for 
surface stress measurements and for fatigue life 
predictions. Acoustic surface waves are particu-
larly well suited for such measurements since the 
acoustic energy is highly localized at the materials' 
surface. The experimental setup for this work is 
exhibited in Fig. 1, which shows a fatigue 2sample of rectangular cross section (about 1 inch ) 
installed in an electrohydraullc KTS machine. Also 
shown are acoustic wedge transducers with the trans-
mitting transducers operating at 5 HHz and the 
receiving transducers tuned to 10 MHz to monitor 
changes in acoustic harmonic generation as the 
specimen is fatigued in the MTS machine. An optical 
microscope (not shown in Fig. 1) has a.l so been used 
to observe microcrack initiation and growth. Figure 2, 
bottom, shows the electronics used for harmonic analy-
sis of these acoustic surface waves. The finite 
amplitude signal is yenerated using a pulsed 
oscillator. A heterodyne receiver served as the 
frequency spectrum analyzer after detection of 
the signal by the 10 MHz transducer. The surface 
wave signals received were quite clean and 
disappeared completely by pressing a soft object 
against the specimen's gauge section. To demon-
strate surface harmonic generation, several 
measurements on the derndence of the second 
harmonic amplitude (A2 at 10 MHz on the first 
harmonic amplitude (Al at 5 MHz were performed 
with both A1 and A2 measured at the receiver 
transducer. As shown in Fig. 2, ~ight-hand side, 
the theoretically expected A2 a: A] relation was 
observed. During the early stages of fatigue, 
harmonic generation was determined as a function 
of applied load during individual fatigue cycles. 
Figure 3 shows a typical example o~ such a measure-
ment plotted in the quantity A2/A1 (to compensate for anr variations in A1 during t~e fatigue cycle) 
as a function of the applied2stress. As can be seen from this figure, A2/A1 decreases with 
increasing applied stress. Such a dependence is 
expected theoretically, using non-linear theory 
of elasticity. 
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Har.onic generation as a function of applied 
load was also determined during the later parts of 
the fatigue life when the mi crocrack density, as 
initiated at intermetallics, became high. An 
example of such a harmonic generation result is 
shown in Fig. 4, top, with an example of one of the 
longer microcracks (about 15 ~m, or 0.5 mils, long) 
shown in Fig. 4, bottom. The results given in 
Fig. 4 are clearly different from those in Fig. 3. 
Data similar to the ones shown in Fig. 4 for 
Al 2024-TSSl were observed repeatedly on specimens 
with a large microcrack density. It is believed 
that the 11i crocracks are the cause for the changed 
narmonic amplitude results, as explained qualita-
tively in the following. 
As postulated by J. H. Richardson (Science 
Center, Rockwell International) recently, a stress 
induced crack opening and closing may be considered 
as an acoustic harmonic generator. Richardson con-
sidered i very simple system composed of an unbonded 
planar interface separating two semi-infinite 
linear media (see Fig. 5, top). By definition, 
the unbonded interface cannot support tension and 
thus it opens up during the tension phase of a 
wave propagating from one side of the interface to 
the other. The system is actually linear while the 
gap in the interface is closed. The origin of the 
nonlinearity is due to the fact that the time at 
which the gap opens and closes depends upon the 
ratio of the stress amplitude of the acoustic wave 
and the external stress that works to hold the gap 
closed (Fig. 5, bottom). In the case of a normally 
incident sinusoidal wave, the gap dynamics will be 
nonlinear and harmonics will be generated in a 
reflected or transmitted wave if the ambient stress 
is less than the stress of the incident wave. 
Fr01 the above discussions it is expected that 
harmonic generation at cracks is a mini~m both at 
maximum tensile and compressive stresses. In the 
vicinity of zero applied stress, however, harmonic 
generation should be a maximum. Indications for 
such an effect may be seen in Fig. 5, top. However, 
the origin of the large harmonic generation at 
+50 ksi is unknown at the present time. Further 
experiments to clarify this situation are underway. 
The opening and closing of both microscopic 
and macroscopic cracks has been observed experi-
mentally. Figure 6 shows the change in contact 
area of a macrocrack as a function of the applied 
stress. Microcracks, as shown in Fig. 4, will 
behave similarly and thus are thought to be a 
potential source for acoustic harmonic generation. 
The conclusion of the present work is summar-
ized in Fig. 7. After having generated strong and 
clean surface waves and Fourier analyzed the 
received signal, we have observed that the 
second harmonic decreases roughly by about 20% 
per ksi stress. Thus the sensitivity of this 
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effect is one to two orders of magnitude larger 
than that of another acoustic technique, which uses 
the change of sound velocity as a stress indicator. 
Harmonic generation also seems to be a very 
promising tool to detect microcracks as developed 
during fatigue. The nonlinearities occurring 
during opening and closing of microcracks have 
been considered by Richardson recently. The 
present results indicate that microcracks as little 
as 15 ~m long (or about 0.5 mils) can be detected 
by harmonic generation if the density is high 
enough. 
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OUCTivt TO IIMSTICATt II( I'OTtNTIAl 
Of SURfACI. WAvtS fOR SlllliAC£ Slli£SS 
M[ASURIM£NIS AND fOR fAIICUE llf! 
PRIDICTIO~S 
. ACOIImC wtDr~ lliAIISOUCERS, C[N[RAIINI) 
ACOUSIIC SURfACE WAVES 1111 \ MHrl, 1\I:R[ 
t.OOOmtD ON nt£ SP£CIMCN TO SAMPlE nt£ 
STAll Of SlliESS AND nt£ STAll Of IATICUE 
Wll~IN lHI CAUCI SlCIIOII SY I>'(ANS Of 
ACOUSTIC HARMONIC C[N(!IATIOII 11( UCUR( 
SHOWS l~ SPICIM[N I'MICH *S fAIICU!O 
IN T!NSION COMrR£SSIOil IN AN [l[Cf110· 
HVORAUI.IC MIS MA(.HINl 
• SHOWN IS Ill[ [l(P[RIM[NIAl APPAI!ATUS FOR 
HAPMONIC ANAlYSIS Of ACOUSIIC SUltiAC[ 
II/AVIS. SINUSOIDAl UllliASONIC SURfACE 
WAVI:S Of rtNIIl AMPLIIUD£ AI '.1 Wh WLRt 
!1<CIIl0 8Y A PZJ fRANSOUC(R, Tl£ DISIORTtD 
SIGNAl WAS 0£1£Cit0 USING A II Mllr PZT. 
A H(TlRODVNI RIC[IVlR SlRvtO A~ IH[ 
fREOU!NCV SP£CITIUM ANAl Y l{R 8T VIRIU! 
Of liS 8ROAO 8AND MIXING SIACI. 
• JH£ SlCONO HARMONIC AMPlliUOliAll, IS 
RUATtD 10 IHI fiRST, IA11, BY Az • All' 
AND WA~ IXPlRII,\(NIAllY VERI> Ilt USING 
Ill[ ASOV£ SYSfiM 
Figure 1 
ri gure 2 
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Al1024 11151 WAS OUITE HIGH WITH MAXIMUM 
CRACK lO.CTH BEING ABOUT 15 ~m lQ S mils I. 
CRACIC TIPS ARE INOICAJIO 8Y ARROWS, 
• IN THIS CASE lit: QUANTITY LOG 11.-JA/1 
SHOWED A PRONOUNCED VARIATION AS A 
FUNCTION Of APPLIED STRESS WHICH IS 
ATTRIBUI£D 10 1HE PRESENCE Of MIC!IOCRACKS. 
Figure 4 
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• A POSSIIIli (l(PIA"'IIOH fa.! TK VARIAtiON 
IN lOC 1Az1A1
11 WitH SllllSS IMY t£ ACOUStiC 
HAOMONIC cuo.AIIOH AI IH( CIAC<t OP(NI 
ANO Cl05!1 UNoot Sl1US5 11 M. OICHA0050H. 
SCI~ COOtOI • 
• II<( OOICIN 01 II<( NOHUH(ARIIY IS 0\J( 10 
M fACT TMA.T fH( TIM£ 4l 'MtiQt M CAP 
OPIHS ANO ClOS!S D£P£KOS UPOH lltl IAtiO 
I• IOF II<( STMIS AMPlll\10£ Of 114( ACOUStiC 
w.\Y! AHO Ill£ OO£RNAl Slii(SI WHICH TRI£1 
10 Q.OII IHE CAP • 
Ill STRONC AND ClEAN ACO\JSTIC SURFACE WAV£ 
SIGNALS HAV£ BEEN PROO\JCED ON SPECIMENS 
SUITABLE FOil ltNSION·COMPRESSION FATIGUE. 
121 Pill Oil TO Ml CROCRACK FORMATION HARMONIC 
c:o.tRATION OECRU.SES Willi INCREASING APPLIED 
STRESS IS£NSITIVITY- 20J>IIOO Ksll. THUS 1\iE 
W.CHNIQU( IS POTENTIALLY USEFUL TO OETECT 
IDNC RANCE INTERNAL STRESSES. 
()I .. CROCRACKS ARE A POSSIBLE SOURCE FOR 
ACOUSTIC HARMONIC GEI6ATION. MICROCRACKS 
AS SMALL AS IS pm IllS mllsl MIGHT BE OETECTED. 
RIRlliER RES£ARCH IN THIS AREA IS NEEOED HOWEVER. 
Figure 7. Conclusions 
